This paper derives from feasibility studies for a proposed Bus Division of the Mass Transit Administration (MTA) to serve northeastern Baltimore. The study objective was to determine the comparative savings or additional costs between using existing versus new locations. The focus of the analysis was non-revenue operating costs which are affected by location because of vehicle deadhead travel, associated operator travel and other operator travel for relief purposes.
A. INTRODUCTION
This paper derives from a technical task conducted as part of the feasibility studies for a proposed new Northeast Bus Division of the Mass Transit Administration (MTA) in the Baltimore metropolitan area. The MTA, Maryland's transit operating agency, has been considering either expanding and modernizing one existing bus storage and maintenance facility or developing a new site to replace two existing facilities in northeastern Baltimore. Initially, twenty-five sites were under consideration. From preliminary investigations based on adequacy of available acreage and discussions on environmental and social issues, all sites were eliminated except five.
Authorities were aware of the fact that location of a facility affected operating costs and thus were interested in finding out the comparative savings or additional costs between using existing versus new locations. Since existing bus services, routes and operating procedures were to remain essentially the same, the focus of the analysis was non-revenue operating costs. Location affects these types of costs because of vehicle deadhead travel time and distance, associated operator travel costs and other operator travel for relief purposes.
A model was developed and applied in determining the non-revenue costs. The following sections describe the premises, assumptions, development and application and results of the model.
B. MODEL CONCEPT
The model was first conceptualized as a microscopic calculation of each individual pullout and pullin that marks the beginning and end respectively of the transit vehicle operating unit called a block. Figure 1 is a conceptual diagram for pull-in and pullout operations. It illustrates how pull-in and pullout distances vary between a pair of revenue service terminals and two hypothetical facility locations. The second part of the model involved assignment of service blocks to existing facilities or candidate sites with the objective of minimizing total non-revenue operating costs.
The model was developed with detailed data from existing operations and then applied to each candidate site. Ordinarily, routing of transit services is determined by the need for service measured in levels of patronage or projected demand volumes. Thus, the configuration of transit routes and selection of beginning and ends of service are separate from the choice of the site to store the fleet of vehicles. Model development was based on the following premise: The optimal location of a storage facility is that which minimizes pullout and pull-in distances and times plus relief travel time between the facility and various terminal points.
Because the three relevant aspects of non-revenue operations (pullout, pull-in, and relief) involve personnel and vehicles, the non-revenue operating cost items that need to be minimized are the following:
• operator travel time between the facility and relief points;
• operator labor time during pullouts from the facility;
• vehicle operating distances during pullouts;
• operator labor time during pull-in to the facility; • Vehicle operating distances during pull-in.
To construct the model, a typical day of transit bus operations was segmented into the following three parts: 1.
A pullout from the bus storage facility to the starting point of a revenue service route; 2.
Revenue service runs; 3.
A pull-in to the facility from the end of a revenue service route.
A summary of daily bus operating activities is presented in Table 1 . The first and the third segments are highly dependent on proximity of the facility to the start and ends of service routes. These segments of non-revenue operation are called deadhead. Closely related to deadhead travel is individual operator travel between the Facility and specified points along the service route for relief purposes.
Note that other non-revenue cost items are incurred during revenue service operations that are not ordinarily affected by location of a facility but the actual run construction. These items are therefore not included in the non-revenue operating cost calculations. As identified in Table 1 , these items include layovers and interlining. Layovers may involve killing time at a station to conform to a schedule; this may also be a built-in buffer to be absorbed by delays during scheduled service.
Interlining is travel between different lines to give relief.
C. MODEL ASSUMPTIONS
At the background of model development and application were the following assumptions:
• Bus operations, including in-service routes, service frequency, conditions of service plus peak and off-peak operating vehicles would remain at existing levels for all candidate sites.
• Bus operations policies and procedures would remain unchanged.
• Deadhead routes for all of the candidate sites should follow the shortest distance travel route appropriate for bus use.
• Since buses can operate for 18 hours before returning to the facility, deadheading of concern is that related to pull-ins and pullouts of vehicles from service. Deadheading due to interline relief would remain unchanged despite facility location and thus was not considered.
• For each candidate site (whether existing or proposed), alternative relief points were selected to ensure convenience of travel for relief via existing transit service routes. These lists constituted a set of alternative relief plans • Operator relief travel times were estimated according to standard MTA procedure as half the offpeak (10:00 a.m. to 2:00 p.m.) headway of the service route used plus the actual running time of the bus.
• The maximum efficient size of a bus storage and maintenance facility was set at 300 buses.
• Unit operating costs in the Baltimore area were $29.55 per hour for labor and $0.81 per kilometer ($1.35 per mile) for buses.
D. MODELING PROCESS Data
To develop the model, detailed, block-level operational data was obtained from the MTA on the two existing facilities at Kirk Avenue and Eastern Avenue that were under study for possible consolidation into a new Northeast Facility. The primary data-set was provided via a standard MTA report entitled Scheduled Miles and Hours Report, which among other items, contained pullout and pull-in times and miles by individual routes and blocks operating out of each facility. Another standard MTA report, The Block Summary, identified service terminals by individual routes and blocks.
Relief travel data was provided via the Run Break Data which identified the routes, time of day, relief points and allowable relief times for existing facilities. The MTA provided a set of plans suggesting alternative relief points with allowable times for each of the five candidate sites studied. Geographical coordinates were determined for each existing and proposed facility and for all service terminals. These coordinates enabled GIS application in the development and application of the model and eased the repetitive calculations required.
A database was created which combined the various items of data identified. All required calculations used this database.
Steps Figure 2 is a flowchart of the overall modeling procedure. In summary, model steps are the following:
• Key data items in the compiled database were used to estimate such vital data as circuity factor, route miles, travel speeds and travel times.
• The vital data were used to project quantities of cost components including pullout and pull-in distances and times.
• Unit costs were applied to the components to obtain individual cost elements. Table 2 shows the derivation of the five cost elements.
• The final non-revenue operating cost was determined for the service block as a simple summation of the five cost elements.
This entire procedure was applied to each individual service block and repeated for each of four schedules and then summed to obtain the yearly cost of operating various blocks of service. Table 3 identifies the schedules and periods covered. The yearly costs of the appropriate collection of service blocks were added to obtain the cost of operating out of various sites. 
3. Calculate travel times for pullout (t o ) and pull-in (t i ) respectively.
4.
Calculate relief travel times from service schedule as half off-peak headway (hd) plus bus run time (t ij ) t r = 0.5hd + t i j (5)
5.
Calculate non-revenue operating cost as the sum of the following:
where b c = $1.35
where l c = $.29.55
Labor cost for relief travel
so that
6. Calculate yearly non-revenue operations cost as the sum of costs (C k ) for schedules (z) used over various numbers of days (D k ) through the year. 
Accuracy
To assess the accuracy of the model, its results were compared with existing operations data for the Kirk and Eastern facilities. Figure 3 shows a comparison of modeled versus actual cost component data. The following are noteworthy:
• The non-revenue operations cost model projected individual components of deadhead operations to within 4 percent of actual data.
• The model underestimated relief travels by approximately 10 percent of actual data. Note that certain inaccuracies spotted in actual data could account for some difference.
• When components were aggregated, the overall margin of error was 1 percent. Table 4 provides the cost components of deadhead and relief operations and compares total yearly costs by Facility. Under the first level ranking shown in Table 4 , cost comparisons assume hypothetical relocation of all the four hundred existing buses and associated services from Kirk and Eastern to each of the five potential locations. Results offer the following overview: (a) Overall Facility ranking by yearly non-revenue operating cost identified Kirk and Biddle Street as the most favorable locations; the Abandoned Vehicle site was the least favorable. (b) Despite overall ranking, various services could operate out of each potential location at the least deadhead and relief cost as shown in Figure 4 .
Comparisons
Under existing operations, relief travel accounted for less than 10 percent of the non-revenue operations cost. Modeled costs depicted a range of nine to 12 percent in relief travel excluding the Abandoned Vehicle site where it would be approximately 40 percent if all required relief travel were feasible via existing bus service routes. This is so because existing services that served the Abandoned Vehicle site were limited to peak periods with long headways which meant allowable relief travel time to this site would start at two hours and 40 minutes.
F. RESULTS OF COST MINIMIZATION SCENARIOS
For realistic assessments, various operating scenarios were tested that involved distribution of services to combinations of existing and proposed facilities. The objective was to minimize nonrevenue operations costs. Table 5 shows cost comparisons based on various operating scenarios. Each of these scenarios is further compared with existing operations cost to assess potential cost savings or extra expenditure. In an outline, results depict the following:
• Scenarios that involve expansion of Bush, by moving all 100 excess buses to that location, were
the least rated of all tested scenarios. Refer to scenario 8 and 9.
• Scenarios that involve use of Bush by moving only those few services (14 blocks) which could operate at the least cost out of that location, were among the best rated. Refer to scenario 1, 3 and 5.
• Reconstruction of the existing Kirk facility showed a slight edge, in terms of non-revenue operating cost, over new construction at the Biddle site.
• If reconstruction of Kirk were the selected option, the most promising scenario would be scenario 1: -a new Kirk with 270 buses; -downsize Eastern to a 120-bus facility; -assign approximately 14 bus services (10 buses) to Bush.
• If construction of Biddle were the selected option, the most promising scenario would be scenario 3 that resulted from tweaking scenario 5: -construct Biddle to replace Eastern and operate 170 buses out of Biddle (similar to Northwest which is the newest of the existing facilities); -maintain the existing size of Kirk as a 220-bus facility; -assign approximately 14 bus services (10 buses) to Bush; -close Eastern.
• Scenarios 1 and 2, which hinge around Kirk as the major facility without construction of a new site, showed potential yearly cost savings over existing operations. All others suggested varying degrees of additional expenditure.
• The yearly cost differential of scenario 3 from existing non-revenue operating cost was 0.5 percent which was within the overall margin of error of the model; this could be considered a "break-even" scenario when compared with existing operations.
• Scenario 4 was within a 4 percent margin while 5 and 6 were within a 5 percent margin. The remainders of the scenarios projected cost differentials above 10 percent.
• It was concluded therefore that scenarios number 1 through 6 were worth further consideration.
G. CONCLUDING OBSERVATIONS

Application of the Non-Revenue Operations Cost Model helped with the following:
• Identification of one existing facility site at Kirk Avenue and a new site off Biddle Street as the two top choices for a modern bus facility for northeast Baltimore. A full economic analysis will aid in the final choice of a site based on total cost of construction and operation. That analysis will include both the non-revenue operations costs from the model and capital costs of real estate acquisition, site development and construction.
• Identification of the particular bus transit services to place between the selected site and existing facilities to ensure the least cost of non-revenue operations. The cost minimizing benefits are also obtainable if the model is applied to existing facilities without consideration of a new site.
• Determination of the number of buses and associated services to redistribute among both existing and proposed facility locations.
H. MODEL APPLICABILITY
The author believes that this model could be widely applied to various transit operations nationwide. It will use data that is readily available on existing transit operations. It is simple in concept but detailed enough in scope to ensure a high level of accuracy. The efficiency gained by reducing operating costs is not envisioned to result in loss of jobs. Considering the common goal of transit operating agencies to attain greater efficiency in transit operations and such specific requirements as 50 percent farebox recovery, the need to evaluate operations with this type of model cannot be overemphasized.
The Non-Revenue Operations Cost Model, which estimates and compares relevant non-revenue operating cost items therefore has the following applications: (a) As a tool to evaluate existing operations by determining the optimal distribution of services and vehicles between storage and maintenance facilities; and (b) as a tool for identifying the location with the lowest non-revenue operating cost from among a set of candidate sites either for expansion or for new construction.
Beyond transit operations, the model is extendable to governmental and municipal facilities for storage and maintenance of vehicle fleet and other equipment used in street cleaning, snow removal, highway maintenance and incident management as a tool for both site selection and distribution of units among various locations.
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